Introduction
In recent years, there have been a lot of investigations carried on generation of runaway electrons (RAEs) in laboratory gas discharges at increased pressure (e.g., see reviews [1, 2] and editor collection [3] ). Most attention in the field in the last decade was focused on the parameters and properties of RAEs in atmospheric air and on the mechanism of their generation. New experimental data were obtained due to the development of measuring equipment and technologies. The runaway electron beams downstream of a foil anode was proposed to be called a supershort avalanche electron beam or shortly SAEB [4] , which term we use throughout the paper.
Among the important results obtained since 2003, the most significant achievement is that the number of RAEs downstream of the anode measured in atmospheric air has increased substantially. In the previous work [5] , the number of RAEs was 10 9 , and subsequent works of this scientific group failed to increase this value [6, 7] . However, in 2003, about a ten-fold increase in the number of electrons and amplitude of the beam current were observed by the Institute of High Current Electronics (IHCE) [4, 8] . Note that the main data on the generation of RAEs and X-rays obtained till 2003 were reported in the monograph [6] , and analysis of various RAE measuring techniques, including those used by IHCE, was given elsewhere [1,9e15] .
The generation of SAEBs with maximum amplitudes requires numerous electron avalanches in the gap which form a dense diffuse plasma due to overlapping of ones. The front of this plasma crosses the gap with a high velocity from the cathode to the anode, generating a SAEB between the dense plasma front and the anode. In atmospheric air, the highest SAEB amplitude till now was obtained on the SLEP-150 generator [16] and was~100 A downstream of Al foil anode [10] . The full width at half maximum (FWHM) of the SAEB pulse was~100 ps and the number of electrons in the beam was more than 6 Â 10 10 . It should be noted that the SAEB amplitude and the number of RAEs mentioned above are not the limit and could be increased by decreasing the pulse rise time [1, 5] as well as by optimizing the cathode material [17] and cathode design [9, 10] . The effect of the cathode material and design on the SAEB amplitude was also studied in other works [1,12,14,18e21] . In decreased pressures of nitrogen, hydrogen and helium, the SAEB amplitude from the entire anode foil on the SLEP-150 generator reached 500 A with an FWHM of the SAEB of~100 ps [22] . Imprints of RAEs and/or X-rays on films were obtained in nitrogen at a pressure up to 4 MPa [23] .
The SAEB width (~100 ps) measured in atmospheric air was first reported in Ref. [18] . The SAEB width depended on the anode diaphragm diameter, interelectrode gap, kind of gas and gas pressure [1,10,13,14,22,24e27] . When the SAEB was measured from a 1-mm-diameter diaphragm, the FWHM of SAEB current was 25 ps [26, 27] . However, the FWHM of SAEB measured from the entire anode foil surface in atmospheric air was~100 ps. Furthermore, the SAEB was detected in the direction opposite to the anode when the cathode was a grid [28] .
The RAEs were not only obtained in a single shot, but also observed at high pulse repetition frequency. For example, the X-rays produced by RAEs in batches of 1500 pulses were detected at a frequency up to 3 kHz at atmospheric pressure [29] . In a repetitive mode, the X-rays arose at a pulse repetition frequency of 1 kHz were measured in the Institute of Electrical Engineering of the Chinese Academy of Sciences (IEE) [30e36] . When the pressure decreased, SAEB was also measured by a collector at frequencies of 1 kHz [37] . The inception of RAEs and breakdown process in nanosecond pulse gas discharges was simulated [38] . In addition, a dynamic displacement current with an amplitude of 4 kA was measured as the ionization wave front propagated in the gap at atmospheric pressure [39] .
RAEs in nanosecond-pulse discharge is a fundamental physical phenomenon. However, relevant papers mainly focus on the generation of RAE beams in atmospheric air while the corresponding research on the generation of RAEs in other gases is few. For example, there are rather few data on the generation of RAE beams in SF 6 . The generation of a SAEB in SF 6 at atmospheric pressure was firstly reported in Ref. [40] . The number of RAEs in SF 6 was estimated to be 10 8 per pulse, which was about ten times lower than that in atmospheric air. The results [40] show that RAE beam energy in SF 6 was higher than that in air and that the beam generated in SF 6 was monoenergetic and electrons had anomalous energy. The anomalous energy of RAEs was higher than eU m (U m here referred to the maximum voltage across the gap) [40, 41] . In our opinion, this estimation of the electron energy in air [41] and SF 6 [40] is wrong. As shown in Refs. [1,11e14,19,20,42] , the RAEs downstream of the foil anode consisted of two or three groups of electrons of different energies and the number of electrons with anomalous energy was less than 10% [42] . Even no runaway electrons with anomalous energy in atmospheric air were detected [43] , the runaway electron energy was assumed not to exceed eU m under any conditions. All other things being equal, comparison of the SAEB energy in SF 6 and air demonstrated that the electron energy in air is higher than that in SF 6 [25] .
Recently, it was found that the FWHM of the SAEB current pulse in SF 6 at a pressure of 0.1 MPa was~100 ps [24] . In this work, the RADAN-220 generator [44] was used. However, no data were reported on the number of electrons in the SAEB and its amplitude or the electron energy. The attempts to obtain a RAE beam in SF 6 at atmospheric pressure [45] on the RADAN-303 generator [46] were unsuccessful. However, a RAE beam in air in this work was obtained. The most detailed study of the generation of RAEs in SF 6 at high time resolution (up to 90 ps) was carried out in Ref. [25] . The SAEB was obtained in SF 6 at pressures up to 0.2 MPa and it was shown that the SAEB pulse width depended on the pressure of SF 6 and the amplitude of the voltage pulse.
From aforementioned research, there are a number of investigations on the measurement of SAEB in SF 6 [47e49]. This is because that SF 6 is widely used as an insulator in highvoltage devices and also works as one of the components in chemical gas lasers [50] . Therefore, a review of the research progress of SAEB in nanosecond-pulse discharges in SF 6 and other gases could make reference for the application of SF 6 in high-voltage devices and chemical gas lasers. In this paper, a review of experimental results on SAEB generation in SF 6 and, for comparison, in air and other gases under the high overvoltage breakdown in IHCE and IEE is presented.
Experimental setup and measurement
All the experiments were performed on three setups at different voltage pulse rise times. Thus, setup #1 allowed us to measure the voltage across the gap, current through the gap, SAEB, and radiation from different gap regions in a single pulse simultaneously. Furthermore, the polarity of voltage pulses on RADAN-220 generator in setup #1 could be changed to positive or negative one. Fig. 1 shows the schematic picture of the discharge chamber of setup #1.
The voltage pulse produced by the RADAN-220 generator was applied through a short transmission line to a tubular electrode with small curvature radius. This potential electrode was made by rolling a 100-mm-thick stainless steel foil into a tube with a diameter of 6 mm [47] . The grounded plane electrode was located at a distance from the bottom surface of the potential electrode. The measurement system is also shown in Fig. 1 . The voltage was measured by a capacitive voltage divider located at the end of the transmission line. The generator was connected with the gap via the short transmission line whose wave impedance was several times higher than that of the generator. The voltage pulse amplitude in the gap could be up to 340 kV. The FWHM of the voltage pulse at a matched load was~2 ns, and the pulse rise time in the transmission line was~0.5 ns. The discharge current was measured by a shunt composed of chip resistors. The chip resistors were connected in series with the plane electrode. The SAEB was measured by a homemade collector. For example, in order to measure SAEB in a gap of 13 mm, the anode made of AlMg foil whose diameter was 1 cm and thickness was 50 mm was placed on a metal grid whose transparency was 14%. The collector was located downstream of the foil anode. For the measurement of SAEB in gaps of 8 and 10 mm, the anode was either made of 40-mm-thick AlBe foil or 10-mm-thick Al foil, both with a diameter of 1 cm. The anode made from Al foil was placed on a metal grid whose transparency was 64%. Note that the study didn't aimed at measuring the current downstream of the entire anode surface with the minimum beam current loss at the support grid and maximum SAEB amplitude. The discharge chamber was filled with SF 6 , air, argon, krypton or nitrogen. The discharge chamber was pumped with a forevacuum pump. The pressures of gases ranged from 0.05 to 0.3 MPa. The optical radiation from different discharge regions was measured through a side window and was transmitted through a lens to focus on a photodiode located in a metal box. At the upstream of the photodiode, there was a shield with a 1-mmwidth slit. On the slit plane, a magnified image of part of the gap was formed, where the magnification ratio was 2:1. Signals from the capacitive voltage divider, shunt, collector, and photodiode were transmitted to a Tektronix DPO70604 oscilloscope (6 GHz, 25 GS/s). In addition, all the measuring elements were connected to the oscilloscope via RadioLab 5D-FB PEEG coaxial pulse cables with standard N-type connectors and Barth Electronics 142-NM attenuators with a bandwidth up to 30 GHz. Note that the SAEB parameters and spatial discharge images in air and nitrogen at negative polarity of the voltage pulse were investigated in detail in Refs. [1e3, 42, 45] . Images of the discharge glow were taken with a Sony A100 reflex camera. Fig. 2 shows the schematic picture of the experimental setup #2. It consisted of a SLEP-150M generator, a transmission line, a gas diode and a measurement system [15] . The SLEP-150M generator could provide voltage pulses up to 130 kV. The rise-time of the voltage pulses depended on the peaking spark gap, which was 0.3 ns in the experiments, and the FWHM of the voltage pulses was approximately 1 ns. The rise time for setup #2 was shorter than that for setup #1. A capacitive voltage divider was located near the gas diode and was used to measure the output voltage. The discharge current was measured by the same shunt in setup #1. In the center of the shunt, there was a hole with a diameter of 1 cm. A metal grid with a transmittance of 14% was on the front side of the hole served as the anode. The cathode was a tube with a diameter of 6 mm and an edge thickness of 200 mm. The cathode edge was round. In the experiments, the interelectrode distance was 4 or 8 mm. Behind the metal grid, there was a 10-mm-thickness aluminum foil, then a collector. The receiving part of the collector had a diameter of 20 mm. The time resolution of this collector was~100 ps [49] . Signals from the divider, the shunt and the collector were recorded by a digital oscilloscope DSO-X6004A (6 GHz, 20 GS/s). The discharge chamber was pumped with a forevacuum pump and was filled [47] : 1 e photodetector PD025 in metal box; 2 e screen with slit; 3 e lens; 4 e side window; 5 e transmission line of RADAN-220 generator; 6 e capacitive voltage divider; 7 e high voltage electrode; 8 e current shunt; 9 e ground electrode made of thin foil; 10 e collector; 11 e oscilloscope. with SF 6 , krypton (Kr), nitrogen (N 2 ), air and mixtures of these gases. Fig. 3 shows the schematic picture of setup #3 where a VPG-30-200 generator with a longer rise time of the voltage pulse was used [47, 51] . The negative voltage across the discharge gap and the current through the gap or SAEB were measured simultaneously. The main unit of the generator was an open-core resonance transformer combined with a double coaxial forming line of a wave impedance of 60 U. The pulse transformer and generator circuit were similar in design to those used in the RADAN-303 generator [46] . The switch of the double forming line was formed by two spherical stainless steel electrodes. The switch case, the double coaxial forming line, and the transmission line were made of duralumin, while the insulator was made of kaprolon. The switch was filled with nitrogen at a pressure 0.8 MPa. A breakdown of the switch could generate a negative voltage pulse in the incident wave with amplitudes of 15e100 kV, a rise time of~2 ns, and an FWHM of~4 ns. The voltage pulse amplitude across the gas diode in the idle mode was varied from 30 kV to 200 kV. The wave impedance of the transmission line was 65 U.
The cathode of the discharge gap was a stainless steel tube whose inner diameter was 6 mm and edge thickness was 100 mm. The plane anode through which the electron beam was extracted was made of a 10-mm-thick Al foil. The electrode separation ranged from 4 to 20 mm. In the transmission line, there were two capacitive voltage dividers. One divider was used to measure the rise time and the amplitude of the incident wave, while the other one was used to measure the voltage across the discharge gap of the gas diode. The discharge current was measured by a current shunt composed of chip resistors (Imperial code 1206). The net resistance of the shunt was 0.03 U. The SAEB was measured by a collector with a receiving part diameter of 40 mm. The time resolution of this collector was~0.6 ns [52] . However, the oscilloscope resolution did not affect the number of the RAEs [25] . Thus, the time resolution of Lecroy WR204Xi was sufficient for analyzing the RAE spectra. Signals from the collector, shunt, and dividers were recorded by a LeCroy WR204Xi oscilloscope (2 GHz, 10 GS/s). Another point to be mentioned is that although some research estimated the number of runaway electrons from blackening of PT-1 film with filters of different thickness [40, 41] , its accuracy was much lower than direct measurements using a collector [1e3, 25, 48] .
3. Characteristics of SAEB current in SF 6 and other gases Waveforms of the voltage, discharge current, and radiation from different gap regions were taken at both polarities of setup #1 at pressures ranged from 0.05 to 0.3 MPa. A SAEB was detected in most cases at negative polarity of the generator. Fig. 4 shows waveforms of the voltage, discharge current and SAEB in SF 6 at a pressure of 0.05 MPa. The waveforms were the average of 30 pulses. All waveforms were synchronized in time with an accuracy 0.2 ns. The relative timing jitter with the oscilloscope was 40 ps. It could be observed that the radiation from the discharge region appeared during the rise time of the voltage pulse. In the case of negative polarity, the SAEB was detected during the rise time of the voltage pulse. Similar sets of waveforms were obtained in SF 6 at other different pressures as well as in other gases and gas mixtures [9e15]. The interelectrode gaps in these experiments were 13, 10 and 8 mm. However, the SAEB could not be detected in SF 6 when negative polarities with higher pressures and positive polarity were used. All other things being equal, Fig. 3 . Schematic of the VPG-30-200 generator (setup #3) [47] . the highest SAEB current amplitudes were obtained in nitrogen and air. Fig. 5 shows waveforms of the voltage in SF 6 and air at different pressures in an 8-mm gap. The corresponding waveforms of the SAEB in SF 6 and air are presented in Fig. 6 . In the case of the RADAN-220 generator with a gap of 13 and 8 mm, the side walls of the gas diode were not covered with an insulator (see Fig. 1 ). When the gap decreased from 13 to 8 mm, the SAEB current amplitude in SF 6 increased and the SAEB was obtained at a pressure of 0.2 MPa in SF 6 . Furthermore, using the insulator to cover the side walls of the gas diode made it possible to obtain a SAEB with an interelectrode gap of 10 mm at a pressure of 0.2 MPa in SF 6 . Comparison of the current amplitudes of SAEB in air, nitrogen and SF 6 showed that the SAEB current amplitude in air and nitrogen was at least ten times higher than that in SF 6 , as shown in Fig. 6 and Table 1 . In addition, the FWHM of the SAEB in air was 15% shorter than that in SF 6 when all other things were the same.
The difference of the amplitude of the SAEB current in air and nitrogen was small. The amplitude of the SAEB current in krypton at atmospheric pressure was 10 times lower than that in nitrogen and air but was little different from that in SF 6 [49] . The SAEB current amplitude in argon at atmospheric pressure was lower than that in nitrogen and air but much higher than that in krypton. From the above comparisons, it was obvious that the amplitude of the SAEB current was significantly affected by the atomic weight of the gas, more precisely, the electron energy lost in ionization and excitation, rather than by its electronegative properties. Fig. 7 shows the dependence of SAEB attenuation on the thickness of the foils. These attenuation curves were Fig. 7 . Attenuation curves for the electron beams generated in SF 6 and air at 0.1 MPa pressure [47] . Negative polarity of RADAN-220, d ¼ 10 mm. calculated by the procedure described in Ref. [42] and used to reconstruct the RAE beam spectra. The RAE beam spectra in SF 6 and air reconstructed by this procedure are shown in Fig. 8 . It could be seen that the electron energy peak in air was higher than that in SF 6 , although the maximum voltages across the gap in SF 6 under similar conditions were higher than that in air and nitrogen (see Table 2 ). Furthermore, it should be pointed out that only the main group of runaway electrons could be seen in the spectra. The second group of electrons with energies less than 50 keV, which were detected in atmospheric air [19, 42] , was absent in these spectra, since these electrons were cut off by the foil anode. All other things being equal, although the maximum voltage for nitrogen was lower than that for SF 6 , the discharge current for nitrogen was higher than that for SF 6 . The experimental data on the conductivity in SF 6 and nitrogen were inconsistent with the calculation results [53] . Actually, the dynamic displacement current arose between the dense plasma front and the anode [38] . It was mainly due to the lower velocity of the ionization wave front from the cathode to the plane anode in heavy electronegative gas (in SF 6 ). Moreover, once the ionization wave front crossed the gap, the conduction current in SF 6 became lower than that in nitrogen. The experimental results of the current through the gap confirmed the previous experimental data [25, 47, 54, 55] . The plasma resistance in SF 6 and in SF 6 -nitrogen mixture was higher than that in nitrogen when all the other conditions were the same. 6 , N 2 , Kr and their mixtures Fig. 9 shows the typical waveforms of the voltage pulse located near the gas diode, discharge current and SAEB current in SF 6 at atmospheric pressure. In the experiments, the incident voltage was~130 kV and the interelectrode distance was 8 mm. Note that the maximum of the SAEB current was obtained when the voltage reached its maximum. Meanwhile, the discharge current increased slowed down. Furthermore, the voltage across the gap after the generation of the SAEB current was determined by the breakdown in the gap [49] . Fig. 10 shows the change of the voltage across the gap and the SAEB current with the concentration of SF 6 in N 2 -SF 6 mixture at atmospheric pressure. Also the dependence of the amplitude of the voltage across the gap and the SAEB current on the SF 6 pressure is presented. The interelectrode distance was 4 mm. It should be pointed that the amplitude of the SAEB current here was obtained after taking into account the transmittance of the metal grid. In the case of N 2 -SF 6 mixture, it could be seen that the SAEB current significantly decreased with the increase of the concentration of SF 6 [49] . However, the concentration of SF 6 in N 2 -SF 6 mixture had slight effect on the voltage across the gap. Therefore, the SAEB existed when the concentration of SF 6 was less than 10%. Furthermore, in the case of pure SF 6 , the SAEB current increased when the SF 6 pressure decreased. Meanwhile, the voltage across the gap firstly decreased then increased with the decrease of the SF 6 pressure. The voltage across the gap reached its minimum when the SF 6 pressure was 0.01 MPa. Fig. 11 shows the dependence of the amplitude of the voltage across the gap and the SAEB current on the concentration of SF 6 in Kr-SF 6 and N 2 -SF 6 mixtures at atmospheric pressure. The interelectrode distance increased to 8 mm. It could be observed that the amplitude of the SAEB current decreased when the SF 6 pressure increased. Moreover, the voltage across the gap slightly fluctuated with the increase of the SF 6 pressure. Furthermore, the amplitude of the SAEB Fig. 8 . Reconstructed spectrum of SAEB in SF 6 and air at 0.1 MPa pressure [47] . Negative polarity of RADAN-220 generator, d ¼ 10 mm. Table 2 The maximum voltages on the gap at different pressures under different conditions [47] . Negative polarity of RADAN-220.
SAEB current in SF
in SF 6 in air in N 2 Fig. 9 . Typical waveforms of (1) the voltage pulse from capacitive voltage dividers located near the gas diode, (2) current through gap and (3) SAEB current in SF 6 at atmospheric pressure [49] . Interelectrode distance d ¼ 8 mm.
current significantly decreased when the concentration of SF 6 in N 2 -SF 6 mixture increased. However, the change of SF 6 concentration in N 2 -SF 6 mixture had a very small influence on the maximum voltage across the gap. When Kr-SF 6 mixture was used, both the amplitude of the SAEB current and the voltage across the gap were slightly affected by the SF 6 concentration. It was mainly because the electron energy lost in the excitation and ionization in SF 6 was much higher than that in N 2 [49] . However, the electron energy lost in the excitation and ionization in SF 6 and Kr were almost the same, so the amplitude of SAEB current did not change when the concentration of the SF 6 additive in Kr-SF 6 mixture increased. 6 and air at different pressures 5.1. Voltages across the gap and SAEB in SF 6 at different pressures Fig. 12 shows the waveforms of the applied voltage and SAEB current downstream of a 15 mm anode foil at different pressures. It could be seen that the breakdown voltage of SF 6 decreased with the pressure when the rise time of the voltage pulse was~2 ns. The amplitude of the SAEB current increased when the pressure decreased. Note that the pressure of SF 6 slightly affects the FWHM of the RAE beam by using this measurement system. Decreasing the SF 6 pressure and diode voltage ( Fig. 12(a) ) did not decrease the beam current amplitude (Fig. 12(b), (c) ). Fig. 13 shows the SAEB current amplitude against the SF 6 pressure for different anode thicknesses. It could be seen the RAE current in SF 6 decreased with the increase of the anode thickness and gas pressure. 
Spectra of RAEs in SF

Voltages across the gap and RAE beam in air at different pressures
The amplitudes of the SAEB and the breakdown voltages between SF 6 and air have been compared. Fig. 14 presents the waveforms of the breakdown voltage and SAEB current downstream of a 15 mm anode foil. It was observed that the amplitude of the RAE beam current decreased with the increase of the gas pressure in air. Furthermore, the breakdown voltage increased with the air pressure. Similar waveforms were obtained for the other four thicknesses of the anode foil. The amplitudes of the RAE beam current in air were about 10 times higher than those in SF 6 . Table 1 shows the data on the breakdown voltage and the amplitude of RAE beam current in SF 6 and air. Note that the breakdown voltages in air were lower than those in SF 6 for all three pressures. Fig. 15 shows the waveforms of the voltage across the gap, discharge current, and SAEB when the rise time of the voltage pulse is~2 ns. It should be pointed that on setup #3, the time resolution of the measuring system was~0.5 ns, which was sufficient to record voltage pulses without any strong distortion and to measure the FWHM of the SAEB at low pressures in SF 6 [22] . Fig. 16(a) shows waveforms of the voltage across the gap for SF 6 at different pressures, and Fig. 16(b) shows the waveforms of the SAEB current. Compared to RADAN-220, longer rise time led to a decrease of SAEB current for SF 6 at pressures higher than 200 Pa. The amplitude of the SAEB current decreased when the interelectrode gaps were 12 and 8 mm. Moreover, the amplitude of SAEB current for SF 6 was more than an order of magnitude lower than that of air at atmospheric pressure.
5.3.
Comparison between spectra of RAE beam in SF 6 and in air Fig. 17 shows the spectra of RAE reconstructed from the attenuation in foils with different thicknesses. Consistent with the results obtained in previous studies [56] , the RAE spectrum consisted of two or three groups. The first group was characterized by energies from several to tens of kVs. These electrons could only be detected downstream of thin foils with a thickness of less than 10 mm or grids of small holes in mesh. The second group was characterized by the electron energy distributions whose maximum was usually tens of kVs lower than eU m . It was the main part of the RAEs in the gap. These electrons were most likely detected by the collector. The third group had an energy exceeded eU m , but the number of these electrons was small [42, 56] . Figs. 8, 17e19 present the main group of the RAE spectra reconstructed from the attenuation curves on setup #3.
The attenuation curves and reconstructed spectra of the RAE beam for the main group of electrons in SF 6 and air when the pressure was 10 kPa (75 torr) are presented in Figs. 17, 18. It could be seen that the maximum energies of the electron distributions in SF 6 and air were almost the same (~50 keV) when the pressure was 10 kPa. Moreover, the FWHM of the electron distribution in air was larger than that in SF 6 . The decay of the electron distribution in air shifted toward high energies. When the pressure was 0.1 MPa, the maximum energy of the electron energy distribution in SF 6 (~45 keV) was lower than that in air (~48 keV) and the FWHM of the electron distribution in air was larger than that in SF 6 , as shown in Fig. 19 . Under these experimental conditions, a relatively small difference in the maximum energy of the electron energy distribution is due to an increase in the duration of the voltage pulse front [48] . Fig. 8 also shows the reconstructed RAE spectra in SF 6 and air at 0.1 MPa for setup #1. The voltage was about 250 kV. The comparison between Figs. 8 and 19 showed that the spectra were similar. The maximum energy of the electron distribution in air shifted toward higher energies and the FWHM of the electron distribution was larger. It could also be observed that the difference between the maximum energy of the electron energy distribution in SF 6 and air increased when the rise time of the voltage pulse decreased [48] . 
Theoretical calculation of runaway electron spectra
As part of the hybrid mathematical model of gas-filled high-voltage breakdown diode, fast electron spectra calculations have been carried out. The basic approach of this model is described in detail in Ref. [56] . In the model, the number of RAEs is assumed to be much smaller than the total number of electrons in a gas discharge and their contribution to the particle density and field strength is low. Thus, it is possible to calculate the distributions of charged particle densities and field strength with the neglect of fast electrons and then, using the data obtained, to calculate the coordinates and velocity distribution functions of RAEs [56] .
Hybrid one-dimensional model uses the drift-diffusion approximation for discharge plasma and Boltzmann equation for runaway electrons. The new part in this approach was ultilized in solving the Boltzmann equation with data on the field strength distribution and on particle generation in a discharge gap.
The applied voltage pulse has an amplitude of 200 kV with a duration of 1 ns at the pulse edge. In order to investigate how the transmission line does affect the discharge process in actual experiments, we included the ballast resistor R ¼ 75 U in the equivalent circuit between the diode and voltage source. Here, the total current in the discharge circuit is taken per unit length of the diode 1 cm.
The anode in the coaxial diode has an external radius r a ¼ 10 mm, and the inner radius (cathode) r c varies from 0.5 to 2 mm providing a variation to the degree of spatial inhomogeneity of the initial electric field. The process of multielectron initiation of gas breakdown was simulated, assuming an initial concentration of electrons at 10 3 cm À3 . In order to calculate the fast electron spectrum and current at anode we added a foil filter that cuts off low-energetic part (<10 keV) of the electron beam. The attenuation factor of the filter corresponded to the thickness of Al foil of 10 mm [57] . Furthermore, the spectra of RAEs appearing in the breakdown of two different gases at atmospheric pressure were calculated, such as nitrogen and SF 6 . Generally, the number of RAEs in nitrogen is several orders of magnitude higher than that of SF 6 when all the geometry of the diode, the pressure, duration and amplitude voltage pulse are fixed.
The spectra of RAEs in diodes for three different cathode radii values are shown in Fig. 20 . As can be seen, the spectrum of RAEs in nitrogen is always enriched by high-energy electrons. In SF 6 this situation is observed only at a lower degree of the field inhomogeneity. For the opposite situation of a small cathode radius, low-energy electrons are enriched in the spectrum.
It should be pointed out that increasing the cathode radius leads to a slight decrease in the number of RAEs in nitrogen compared to that in SF 6 , because the overvoltage for nitrogen is several times higher than that for SF 6 .
Conclusion
In this paper, investigation of SAEB in different gases is reviewed, and several conclusions have been drawn:
The SAEB currents appear during the rise-time of the voltage pulse. The amplitudes of the SAEB current and the quantity of RAEs in SF 6 and Kr are significantly lower than those in N 2 and air. Furthermore, SF 6 concentration in N 2 -SF 6 mixture prominently affects the amplitude of SAEB current and the voltage across the gap, but the SF 6 concentration in Kr-SF 6 mixture slightly affects the amplitude of SAEB current. In our opinion, the effect of the SF 6 concentration in different gas mixture on the SAEB current is not only owing to the strong electronegativity of SF 6 . In fact, such influence by electronegativity is very limited. Our experimental results show that the atomic/molecular mass of gas may have a much greater impact on the SAEB current. In the case of N 2 -SF 6 mixture, the electron energy lost in the excitation and ionization in SF 6 is much higher than that in N2, however, in the case of Kr-SF 6 mixture, the electron energy lost in the excitation and ionization in SF 6 and Kr are almost the same. Therefore, the amplitude of SAEB current is slightly affected by the concentration of the SF 6 additive.
The SAEB measurement and the reconstructed spectra of the RAE beam confirm that the RAE energy in a nanosecondpulse discharge in air is not smaller than that in SF 6 if all other things are equal. The results show that there aren't many differences between the maximum energies of the electron distributions in air and SF 6 in the nanosecond-pulse discharge when the rise time of the voltage pulses is~2 ns. Moreover, it is shown that decrease of the voltage pulse rise time increases the difference between the maximum energy of the electron distributions in air and SF 6 . This can be explained by the breakdown voltage dependence on the rise time.
The obtained data confirm the generation mechanism of most of the RAEs between the ionization wave front and the plane anode.
